The space-time evolution of the dynamical screening charge density caused by a suddenly created point charge at the Cu(111) surface is investigated in the linear response approximation. Considering a thin slab as a model for the Cu(111) surface, we investigate the confinement effects on dynamical screening as well. The results have been obtained on the basis of self-consistent evaluation of the energy-momentum-dependent response function, taking into account the realistic surface band structure of Cu(111). At the initial stage, we observe fast long-range charge density oscillations due to excitation of the surface plasmon modes. Then we observe the propagation of the shock wave of the electron-hole excitations along the slab with velocity determined by the Fermi velocity of bulk Cu. At longer times, we have identified the propagation along the two slab surfaces of a much slower (with velocity ∼0.3 au, close to the Fermi velocity of the Cu(111) surface state) charge disturbance due to acoustic surface plasmon. The role of the energy band gap in the direction perpendicular to the surface in establishing the screening is also addressed.
Introduction
In a set of pioneering papers, Manson and Ritchie developed in an elegant way, based on straightforward perturbation theory, a new theoretical representation of the spatial dependence of the self-energy of a projectile incident on a many-particle target [1] [2] [3] [4] . This approach, formally equivalent at the second-order perturbation level to the well-known and widely applied self-energy approach of Hedin and Lundqvist [5] was extended to higher orders of perturbation theory. That enabled Manson and Ritchie to evaluate quantum nonlinear corrections to the image potential experienced by a charged particle at a condensed matter surface [6] , to the binding energy of the surface polaron [4] and to the excited Rydberg type electron states of a solid surface [7] , as well to dispersion forces of a general nature [1] [2] [3] . In a paper published in 1985 [4] Manson and Ritchie used their formalism to study recoil corrections to the van der Waals force between atoms and provided a correction to an expression which had been universally accepted for more than half a century. As a small tribute, among many others that we could have chosen, to the deep physical insight of Professor Manson we would like to quote here the words of the then editor of Nature John Maddox, taken from a full page discussion [8] of the paper by Manson and Ritchie 'The chief interest in this work will be the neatness of the calculation. From the interaction between positronium atoms, the departure from 1/R 6 behavior should be recognizable out to a distance of four atomic units, and may thus be measurable. So should be departures from London's result for the interaction between positronium and other atoms. Meanwhile, the calculation is a telling reminder that even the best-tried algorithms should be constantly reassessed'.
A pioneering work of Manson and co-workers on dynamic screening and interaction of projectiles with many body systems was based, out of necessity, on a simplified codified Hamiltonian to describe this interaction. Stimulated by their work, a great deal of other work incorporating a more detailed description of this interaction was published, including higherorder corrections to the interaction of charged particles with matter [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . With the advent of modern computing facilities, the change in the screening properties of surfaces and in particular the strong non-locality at the surface in general and specifically the ones [29] [30] [31] [32] caused by the presence of the surface states in the dynamics of excited states or the energy loss of charged particles at surfaces became feasible for theoretical investigation. Nowadays we are able to incorporate into the problem of dynamic screening and interaction of projectiles with many body system effects due to the detailed band structure in the bulk and on the surfaces of the target [33] , together with the information on the time required, usually at the attosecond (as) level (1 as = 10 −18 s) for the dynamic screening response to be established. In this paper, as a tribute to the outstanding contributions to the field by Professor Manson, we analyze in detail the time evolution of the dynamical screening of a point charge in the vicinity of a metal surface.
The response of an electron system to a localized timedependent external perturbation enters the description of various processes in metals and at metal surfaces and presents one of the basic problem in solid state physics. Besides its pure scientific interest, understanding of the dynamical screening processes constitutes a basis for the description of various spectroscopies, low energy electron diffraction, etc. For instance, for a long time this has been a topic of intensive studies in relation to, e.g. the calculation of x-ray absorption and emission spectra and of x-ray photoelectron spectra of metals [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . With recent developments in ultrashort-pulse laser spectroscopic techniques [46] [47] [48] it becomes possible to study such processes in solids and their surfaces in real time at femtosecond (fs) (1 fs = 10 −15 s) and sub-fs timescales. In many situations the screening of an external perturbation in the host electron system can be considered as being instantaneous. Hence theoretically the screening can be considered as being stationary. An important question in this respect is the spatial extension of a disturbed region around the external charge. Normally in three-dimensional (3D) metals this screening is very efficient and occurs on a very short length of a few au. 6 A textbook example is a Thomas-Fermi screening which decays exponentially with distance from the point charge with characteristic decay length determined by a Fermi wavevector of the host electron system. However, the extension of the screening region may be somehow longer due to the so-called Friedel charge density oscillations whose amplitude decays with distance R as R −3 [49] . With reduction of the dimensionality of the system, the screening becomes essentially less efficient. In particular, in two-dimensional (2D) electron systems the amplitude of the Friedel oscillations decays like R −2 with distance [50] [51] [52] [53] [54] . All these facts hold for the stationary screening density established around an external point charge (EPC) when all dynamical processes are over. An interesting question in this respect is how the electron system has been evolving before reaching this final stationary situation, i.e. the dynamical aspect in the formation of the screening. This problem was considered previously for the 2D and 3D electron systems. The calculations performed within linear response theory [55, 56] and time-dependent density functional theory [57, 58] showed that, e.g. in the 2D and 3D electron systems with valence charge density corresponding to metals the screening charge in the vicinity of the EPC reaches the final stationary distribution on a subfs timescale 7 . However, the charge density imbalance caused by the sudden appearance of the EPC continues to oscillate at longer times at distances much longer from the EPC in comparison with the Thomas-Fermi screening length and can introduce oscillatory behavior in the preasymptotic decay and dephasing of quasiparticles for a particular case of surface and image potential states [62] [63] [64] .
Theoretically the dynamical processes at the sub-fs timescale in an electron system following a sudden creation of a EPC were considered in a variety of publications with the use of several approaches. First, Canright [55] performed linear response theory calculations for the case of a 3D electron system within a jellium model. Recently similar calculations for a 2D jellium system were performed by Alducin et al [56] . The calculations for the same systems within timedependent density functional theory, i.e. beyond the linear response theory, were carried out by Borisov et al [57, 58] . The closely related problem of the establishment of an image potential experienced by a charged particle suddenly created in front of a metal surface was considered as well [65] .
Besides the detailed knowledge gained in the previous studies about how the screening establishes around an EPC, one important question regarding the role of the band structure of real materials and, in particular, that of the surface electronic structure, has not yet been addressed. Indeed, many metal surfaces possess the so-called surface electronic states [66, 67] whose wavefunction is strongly localized at the surface-an interesting example of the 2D electron system. Hence, at these metal surfaces the carriers residing in two electron systems, in the 2D surface state and the 3D bulk ones, do participate in the screening process. Here we study the dynamical screening process of a suddenly created EPC at a metal surface considering its realistic band structure. In the present study we perform calculations within the framework of the linear response theory. It is well known that this theory fails to reproduce the induced charge density in a close vicinity of the EPC, however it works well beyond some relatively small distance from the EPC [55] [56] [57] [58] , that is the region of primary interest here.
A well-known example of such surfaces is the (111) surface of noble metals like Cu, Ag, and Au with a partly occupied electron band of the s-p z surface state at the surface Brillouin zone center,¯ [68] [69] [70] . On these surfaces the sp z surface states have a parabolic-like dispersion with 2D momentum k parallel to the surface. Therefore these states are frequently considered as forming the quasi-2D surface state band with the Fermi energy, E SS F , equal to the surface state binding energy at the¯ point. Hence at these surfaces the 2D and 3D electronic systems coexist. In this paper we, for the first time, present the calculated results for the case when two electronic subsystems of different dimensionality simultaneously respond to the sudden creation of the EPC.
The paper is organized as follows. In section 2 we briefly present the linear response theory for the calculation of the induced density in response to the sudden appearance of the EPC in the vicinity of the surface. Section 3 is devoted to the presentation of the calculated results and discussion of them. The conclusions are presented in section 4.
Calculation details
Here we are interested in study of the evolution of the screening charge with time in space at a metal surface immediately after the sudden introduction of an EPC into the system at some point r o at a time t = 0. This can be relevant in problems in which a charge is created on a timescale much shorter than the characteristic screening times in the host systems. Thus, one can think about processes like the creation of a core hole in an adsorbate located at the surface or the excitation of an electron from an image or a surface state. In this suddenly introduced EPC limit the photoelectron is considered to be decoupled from the subsequent transients [55] . Then the external potential V ext generated by this EPC reads
Here e is the perturbing charge which is set equal to unity in the following and (t) is the Heaviside step function, i.e. (t) = 0 for t 0 and (t) = 1 for t > 0. Within the framework of a linear response theory, the charge density generated by an external potential is expressed as
where χ(r, r , t) is the density response function of an interacting electron system. Taking the Fourier transform over the time coordinate in equation (2) and considering V ext in the form of equation (1), one arrives at the next expression [55, 56] 
It is natural to exploit the cylindrical symmetry of a whole system and represent the spatial coordinate r in the form {R, z}, where R is the cylindrical coordinate in the plane parallel to the surface measured from an axis through the EPC and z denotes the coordinate normal to the surface. In this case the EPC is located at r o = {0, z o }. As a result the expression (3) can be rewritten in the following form
where we define n ind (R, z, ω) according to
Here q is the magnitude of the 2D momentum q in the plane parallel to the surface, and J 0 is the zeroth Bessel function.
We calculate the response function of interacting electrons χ(q , z, z , ω) in the random phase approximation [71] using the response function for noninteracting electrons
with
where η is a positive infinitesimal that in the present calculations was set to 10 meV,
, and E F is the Fermi energy of the electron system. Here, the one-particle energies ε i and wavefunctions ϕ i are the solutions of the one-dimensional Schrödinger equation describing the system in the normal direction to the surface. The corresponding potential was taken from [72] . This potential was designed to reproduce the key ingredients of the Cu(111) surface electronic structure, namely the width and position of the energy gap at the center of the surface Brillouin zone and the energy positions of both the surface and first image states. The effective masses m i and m j associated with the surface and bulk electronic states have been taken to reproduce the realistic Cu(111) surface band structure. The sums in equation (8) over i and j include all occupied and unoccupied electronic states up to the cutoff energy of 150 eV above the Fermi level. In order to evaluate χ and χ o we adopt an approach based on the calculation of these quantities in the reciprocal space [73, 74] as described in detail in [75] . In the present work we simulate the Cu(111) surface by a slab consisting of 11 Cu atomic layers. The corresponding band structure in the vicinity of the Fermi level is presented in figure 1 . As follows from the figure, the use of such relatively thin slabs introduces a quantization of the electronic states in the direction perpendicular to the surface with notable energy splitting between them. However, we can clearly identify two surface states SS + and SS − , which have symmetric and antisymmetric character with respect to the reflection symmetry according to the slab center plane. One can observe a splitting of ∼0.1 eV in energy positions of this pair of surface states. Although this fact introduces some additional structures in the induced charge density, the effect does not seem dramatic in the present context. Finally, the integrations over ω in equation (4) and q in equation (5) were performed numerically with the use of very fine meshes: 1250 and 20 000 points were employed for the summation in ω and q with the upper limits ω max = 25 eV and q max = 10 au, respectively.
Calculation results
In order to facilitate the subsequent discussion, in figure 2 we present the evaluated surface loss function which contains information on the rate at which the frequency-dependent external potential generates electron-hole and collective electronic excitations at surfaces [76] . It is defined as the imaginary part of the surface response function g(q , ω) that is expressed in terms of the density response function χ(z, z , q , ω) as [77] 
In this figure one can observe several features reflecting, in an integrated way, the singularities in χ(q , z, z , ω). As χ(q , z, z , ω) directly, through equation (6), determines the induced charge density, these singularities in χ(q , z, z , ω) are transmitted to singularities in n ind (q , z, ω). Subsequently any, even a weak, singularity in n ind (q , z, ω) produces oscillatory variations in the induced charge density n ind (R, z, ω) in real space via integration in equation (5) . In figure 2(a) one can observe in the 8-12 eV energy range a clear dominant peak ω SP corresponding to the conventional surface plasmon [78] . At the momenta q smaller than ∼0.07 au, this peak splits into two separate ones which correspond to the symmetrical ω − SP and antisymmetrical ω + SP modes, a well-known effect for a finite thickness slab [78] . The energy of the lower dispersing mode ω − SP goes to zero when q → 0, whereas in the ω + SP mode it reaches the bulk plasmon value in the long wavelength limit. Essentially, the new result of this work is the presence of a complicated peak structure in the surface loss function in the low energy part in figure 2(a) . Here the region 'SS' of the enhanced Im[g(q , ω)] has its origin in the intra-band electron-hole transitions within the surface state bands as discussed in detail in [79] . At variance with the previous results for the noble metal surfaces [75, 79] , in figure 2 this region has a more complicated structure due to the presence of two energy split SS + and SS − surface states. Figure 2 (b) shows in more detail the low-energy-low-momenta region where in the lower-left part of the SS continuum one can observe, additionally to the prominent ω ASP peak related to the acoustic surface plasmon (ASP) [80, 81] (corresponding to the out-of-phase collective oscillations of charge density between carriers in the surface state and the bulk states), two other dispersing peak structures, ω figure 1, respectively) . Additionally, in figure 2 are visible other features related to the numerous inter-band transitions between the occupied and unoccupied quantum-well states of the slab. The corresponding singularities in the response function lead to rather complicated patterns in time dependence of the induced charge density. However, these features in Im[g(q , ω)] and the corresponding oscillations in n ind (R, z, t) strongly depend on the slab thickness and gradually disappear with increase in the number of atomic layers in the slab. Therefore we will not concentrate on them anymore.
Here we present results for the EPC placed on the vacuum side at a distance of 1.97 au from the crystal border (i.e. at a distance from the topmost Cu atomic layer corresponding to the Cu(111) interlayer atomic distance). Figure 3 shows the static induced charge density distribution R · n static ind (R, z) in response to the EPC, i.e. at t → ∞ when all the dynamical processes are over. Here one can observe that inside the slab the induced charge density at R smaller than ∼35 au essentially coincides with that reported previously for the Cu [82] and Ag [83] surfaces. At the same time, along the upper surface the Friedel charge density oscillations characteristic of the 2D surface state are clearly seen up to R ∼ 150 au. Along the surface their amplitude decays with distance R from the EPC as R −2 . In the subsurface region a complicated chessboardlike pattern [83] can be detected although its shape is strongly influenced by the electron waves reflected from the lower surface of the slab. Note that in the present case, where a relatively thin slab is considered, the Friedel oscillations along the surface indeed are a result of superposition of two density waves with slightly different lengths of 2k [74, [84] [85] [86] . Moreover, one can see how these oscillations are reflected from the lower surface of the slab at R ∼ 40 au and reach the upper surface at R ∼ 75 au where they introduce some distortions of the surface state Friedel oscillations. Indeed, this reflection process is detectable even at larger Rs. Figure 4 shows evolution of the induced charge density at times from 2 au (50 as) up to 10 au (240 as) after the appearance of the EPC at the slab surface. At these small times one can observe how the screening charge evolves in the vicinity of the EPC similar to the pure 2D [56] and 3D [55] cases. Thus a shock wave (SW) corresponding to electronhole excitations is created immediately after the creation of the EPC. One can infer that the screening hole around the EPC is also fully developed during a time of few au [57] . Nevertheless some differences with previous results for the 3D and 2D systems can be noted. Thus, in figure 4 one can see that at small Rs the perturbation region propagates almost instantaneously in the perpendicular to the surface direction. This reflects the quasi-2D nature of the electronic structure of the slab where the electronic states representing bulk Cu are quantized in the perpendicular direction with large energy separation between energy levels, as seen in figure 1 . Moreover, in contrast to the static case of figure 3 , the induced density at initial moments of time does not feel any effect from the bulk band structure and propagates almost freely at small R in the z direction as happens in the 3D jellium model [74, [84] [85] [86] .
Another interesting observation of results shown in figure 4 is the existence even at these initial moments of long-range charge density oscillations moving along the slab much faster than the front of the shock wave created due to electron-hole excitations and propagating with velocity close to the bulk Fermi velocity [55, 56] . The amplitude of these ultrafast oscillations strongly changes with time and reaches its maximum value at the slab surfaces. We relate this effect to the excitations of the ω + SP and ω − SP surface modes. At initial moments of time the former dominates, as can be seen in the out-of-phase oscillations at two slab surfaces. With increasing t the lower energy ω − SP starts to dominate and charge density at both surfaces starts to oscillate in phase at all Rs.
In figure 5 we present the evolution of the induced charge density in the 20-60 au (500-1500 as) time interval. Here one can see that even at t = 60 au after the appearance of the EPC the induced charge density does not completely feel the energy gap in the bulk band structure and the flux of charge continues to propagate in the z direction at small Rs. On the other hand, this figure demonstrates how at time between 20 au and 30 au the shock wave formed at the EPC due to electron-hole excitations reaches the lower surface and forms a wavepacket moving along the slab almost independently of z. The leading component of this shock wave propagates with a velocity of ∼0.6-∼0.8 au which is around 1.5-2 times higher than the average Fermi velocity of the carriers in the slab quantum states. This correlates with results for the 2D electron gas [56] . It is noteworthy that the ultrafast waves related to the excitation of the ω − SP and ω + SP surface modes continue to propagate along the slab at these relatively long times and can even be seen at t = 100 au in figure 6 . However, one can observe that the wavelength of these ultrafast charge density oscillations reduces with time. The explanation for this could be that at long times the oscillations mainly correspond to the excitation of the surface plasmon ω SP mode with large q s while the fastest waves related to the strongly dispersing ω − SP mode have already gone to larger Rs at these times. Figure 6 presents the induced charge density distribution at times between 100 and 500 au. Here it is seen how the shock wave propagating along the slab reaches the distance R ∼ 200 au at t = 200 au. On one hand, behind the trailing edge of this shock wave we do not see the charge density oscillations due to the bulk plasmon excitation as it occurs in the 3D jellium model [55, 57] . On the other hand, from comparison with the 2D model [58] we see that along the slab the spatial spread L sw of the shock wave is larger by a factor of about 2-3 in the present case: in figure 6 L sw ∼ 70 and L sw ∼ 100 au for t = 100 au and t = 200 au, respectively, in comparison with L sw ∼ 40 au at t = 50 au for the 2D electron gas [58] . Eventually upon increase of the slab thickness the velocity of the trailing edge propagation will be reduced, which leads to the increase of L sw . Finally, for a semi-infinite crystal the oscillating region due to excitation of the 3D bulk plasmon will occupy almost all space between the EPC and the shock wavefront like in the 3D system [55, 57] .
In figure 6 it is seen that once the shock wavefront has gone away the induced charge density basically reaches its stationary distribution 8 . Thus in figure 6 at t 400 au one can see the Friedel oscillations in the surface states on the upper surface up to R ∼ 100 au similar to the static case of figure 3 . Nevertheless, the induced charge density still does present some deviations from its stationary distribution, in contrast to what occurs in a 2D electron gas [56, 58] . Thus we observe a wave denoted by 'ASP' which propagates along both the surfaces with average velocity ∼0.3 au. It corresponds to the excitation of the acoustic surface plasmon ω ASP whose presence is seen in the surface loss function of figure 2. The Figure 6 . Interpolated plot of the normalized induced charge density R · n ind (R, z, t) established in the slab at times t = 100, 200, 300, 400, and 500 au after the appearance of the external point charge at the place marked by the dot. The density is shown as a function of lateral distance R from the EPC and perpendicular coordinate z. Two horizontal dashed lines delimit the slab. The dotted line for t = 100 au demonstrates the front of the shock wave SW due to excitation of the electron-hole pairs in the system. For other ts the front is situated beyond R = 200 au. In the bottom panel the thick dotted line shows the main direction of the charge distribution inside the crystal beneath the EPC.
formation of this soliton-like charge wave is related to the quasi-linear dispersion of the ASP mode. Some variations with time of the shape of the ASP waves are related to the interference effect between the ω ASP mode with the ASP-like ω 1 SS and ω 2 SS modes having their origin in the energy splitting of ∼0.1 eV between the SS + and SS − surface states, due to a finite thickness slab effect, as seen in figure 1 . This interference also produces some non-monotonous propagation of the ASP waves along both surfaces.
Conclusions
We have studied, using linear response theory, the spatial-time evolution of the induced charge density created by a sudden appearance of an external point charge at the Cu(111) surface simulated by the 11 Cu atomic-layer slab. The effect of the energy gap in the bulk electronic structure and the presence of the surface state has been investigated. Much larger time and spatial extensions in comparison with the previous studies are considered. The formation and propagation with time of the main shock wave due to electron-hole excitations is demonstrated. At times shorter than a certain value determined by the slab thickness (∼30 au in the present case of a 11 atomic layer slab) the shock wave propagates from the external point charge like in 3D systems, in both the perpendicular and lateral directions. After reaching the lower surface the shock wave starts to propagate in the whole slab like in 2D systems. Additionally, at t 150 au we observe ultrafast charge waves propagating along the slab surfaces due to excitation of the surface plasmon modes. At t 200 au it is possible also to resolve the soliton-like charge waves corresponding to the excitation of an acoustic surface plasmon and propagating along the surface with velocity close to the group velocity of the acoustic surface plasmon.
